An experimental study of subglacial clast-bed contact forces by Byers, John Louis
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2010
An experimental study of subglacial clast-bed
contact forces
John Louis Byers
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Earth Sciences Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Byers, John Louis, "An experimental study of subglacial clast-bed contact forces" (2010). Graduate Theses and Dissertations. 11390.
https://lib.dr.iastate.edu/etd/11390
An experimental study of subglacial clast-bed contact forces  
 
 
by 
 
 
John L. Byers 
 
 
 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of  
MASTER OF SCIENCE 
 
 
Major: Geology 
Program of Study Committee: 
Neal R. Iverson, Major Professor  
William Simpkins  
Igor Beresnev 
 
 
 
 
 
Iowa State University 
 Ames, Iowa  
2010 
Copyright © John Louis Byers, 2010.  All rights reserved. 
 ii 
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS         iii 
 
ABSTRACT           iv 
 
CHAPTER 1. BACKGROUND AND OBJECTIVES     1 
 A. Glacier sliding          1 
 B. Debris in ice and clast-bed contact forces      7 
 C. Drag force on inclusions in ice: theory      14 
 D. Objectives          15 
 
CHAPTER 2. METHODS          16 
A. Apparatus          16 
B. Measurements and instrumentation      23 
C. Experimental procedure        26 
 
CHAPTER 3. RESULTS         29 
 A. Unsuccessful experiments        29 
 B. Time series from successful experiments      32 
 C. Post-experimental observations       39 
 D. Drag-velocity relationship        48 
 
CHAPTER 4. DISCUSSION AND IMPLICATIONS     51
 A. Discussion          51 
 B. Implications         58 
 C. Future experiments         60 
 
CHAPTER 5. CONCLUSIONS        62 
 
APPENDIX 1           64 
 
APPENDIX 2           66 
 
REFERENCE LIST          67 
 
 
 
 
 
 
 
 
 
 
 iii 
ACKNOWLEDGEMENTS 
 
First and foremost I would like to thank my advisor, Neal Iverson, for giving me the 
opportunity to pursue a Masters degree at Iowa State University.  Neal provided a great deal 
of guidance throughout my research and invested much of his time to see this project through 
from start to finish.  Second, I thank Denis Cohen, who conceived the experiments and wrote 
the proposal that funded them.  Denis also designed the apparatus and conducted the first 
isolated-sphere experiment.  I would also like to thank my other Program of Study committee 
members: Bill Simpkins, and Igor Beresnev.  Occasionally lab work required more than two 
hands and some muscle power.  When this was the case, Collin Reichert, Shamik Das Gupta, 
Suzy Ankerstjerne, Ben Petersen, Mark Mathison, and Pete Moore, were willing to lend a 
hand and/or back.  Finally, I thank my family and Marina Sandback for their continuing 
support and encouragement.         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv 
ABSTRACT 
 
The basal ice of sliding glaciers contains rock debris that is held in contact with the 
rock bed, resulting in abrasion that erodes the bed and friction that slows sliding.  Abrasion 
rates and the magnitude of this friction are controlled by contact forces that clasts exert 
normal to the bed surface.  These contact forces are dependant on the drag exerted on clasts 
by ice as it flows toward the bed.  Recent subglacial measurements indicate that debris-bed 
friction has been underestimated by at least an order of magnitude.  This underestimate may 
be the result of enhanced drag on particles and associated contact forces, due to the proximity 
of the bed as a boundary condition that perturbs ice flow.   
To test this hypothesis, laboratory experiments were performed to measure drag 
forces exerted by moving temperate ice on an idealized clast (50 mm sphere) both isolated 
from and resting on the bed.  A stress of 1000 kPa was applied to the top of a confined 
cylinder of ice 0.2 m in diameter.  The ice cylinder was brought to the melting temperature 
and then melted preferentially at its base, so that ice moved toward the underlying flat bed.  
The resultant drag force on the sphere (577 – 2112 N) was measured in experiments in which 
the ice velocity (0.38 – 2.3 mm d-1) was incremented or decremented after a steady drag force 
was attained.  
The drag enhancement caused by the proximity of the bed, in contrast to the results of 
numerical models, is small: the drag force on a sphere on the bed is only 1.23 - 1.28 times 
larger than that on an isolated sphere.  This small drag enhancement is due to a water-
pressurized cavity that develops beneath the sphere.  This cavity prevents low ice pressures 
from developing there, which are required to achieve a large drag enhancement.  These 
results indicate that theory describing the drag on idealized, isolated clasts provides a 
 v 
reasonable estimate of contact forces.  The rheological parameters of the synthetic ice used in 
these experiments—derived from the measured drag forces and ice velocities for the case of 
the isolated sphere—were n = 1.3 and B = 9.64×1010 Pa-1.3 s-1, where n is the stress exponent 
and B is the fluidity parameter in the ice flow rule, as expressed by Lliboutry (1979).  If the 
ice rheology is approximated as being linear (n = 1), then B = 5.35×10-12 Pa-1 s-1. 
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CHAPTER 1. BACKGROUND AND OBJECTIVES 
A. Glacier sliding  
 A glacier’s capacity to cause environmental change, such as sea-level rise, and 
geomorphic change, such as the erosion of Alpine valleys, is made possible by its movement.  
Glaciers move by three mechanisms: internal ice deformation, deformation of the sediment 
bed underlying the glacier, and sliding at the ice-bed interface (Fig. 1.1).  Movement at the 
surface of a glacier results from one or more of these processes.  Internal ice deformation 
results from creep of ice that extends across the thickness of a glacier.  Bed deformation and 
sliding are mechanisms of basal motion.  Glacier beds consist of either rigid bedrock (hard 
beds) or unlithified sediments (soft beds).  Soft beds can permanently deform in shear in 
response to stresses applied by the overlying ice (Boulton and Hindmarsh, 1987).  In 
contrast, when a glacier overrides a hard bed, basal motion can occur only by slip between 
the ice and its bed (glacier sliding).  Typical sliding speeds for hard-bedded glaciers range 
from 8 – 1100 mm d-1 (Cuffey and Paterson, 2010). 
Sliding is important because it can result in fast glacier flow.  Variegated glacier in 
Alaska is an example of a surge-type glacier, which undergoes periodic accelerations (Kamb 
et al., 1985).  From January 1982 to July 1983, the glacier reached velocities ~ 100 times 
greater than during quiescent periods.  Borehole studies by Kamb et al. (1985) revealed that 
basal sliding accounted for 95% of the glacier’s motion during these surge phases.  In 
Greenland, many outlet glaciers that are below latitudes of 70° north have increased in speed 
(Rignot and Kanagaratnam, 2006).  Kangerdlugssuaq, Helheim, and Jakobshavn Isbrae, three 
of Greenland’s largest outlet glaciers, are accelerating.  Between 2004 and 2005, 
Kangerdlugssuaq increased in speed by 80% at the glacier front and by ~20% 30 km   
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Figure 1.1: Schematic diagram showing the three different mechanisms of glacier 
movement: (a) internal ice deformation only, (b) internal ice deformation and basal sliding, 
and (c) internal ice deformation, basal sliding, and bed deformation (from Boulton, 1996).  
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up-glacier.  Over the same time period, the front 20 km of Helheim increased in speed by 20 
– 40% (Howat et al., 2007).  Jakobshavn Isbrae, which drains 6% of the Greenland ice sheet, 
has nearly doubled in speed since 1992 (Alley et al., 2005).  The sliding speed of outlet 
glaciers largely determines the rate at which ice is transported to the glacier front, where it 
calves into the ocean.  Thus, accelerated ice transport increases the rate at which glaciers 
contribute to sea-level rise (Alley et al., 2005; Rignot and Kanagaratnam, 2006; Howat et al., 
2007).  
Glacier sliding is also important for geomorphic processes, particularly bedrock 
erosion.  Glacial erosion of bedrock occurs by three processes: abrasion, quarrying, and the 
flow of subglacial water.  The last of these processes erodes far less rock than abrasion and 
quarrying (Drewry, 1986, p. 276).  Quarrying is the fracturing of bedrock and its 
dislodgement from the bed directly by sliding ice.  During abrasion, on the other hand, stress 
differences in bedrock localized beneath rock fragments entrained in basal ice scratch 
bedrock as ice slides (Fig. 1.2). Sliding speed affects rates of quarrying by affecting the 
degree of ice-bed separation, which in turn affects stresses on the bed in zones of ice-bed 
contact (Iverson, 1991a; Hallet, 1996).  Sliding speed also directly affects abrasion rates by 
controlling the flux of debris-laden ice and forces between abrasive particles and stoss 
surfaces of the bed (Hallet, 1979a).  Thus, in glacial-landscape-evolution models sliding 
speed is usually considered to be the principal glaciological variable that controls erosion 
rates (e.g., Tomkin, 2003; Herman and Braun, 2008; Jamieson et al., 2008) 
For appreciable sliding to occur, the basal ice of a glacier must be at its pressure-
melting temperature.  When basal ice is below this temperature, ice adheres to the bed, which 
reduces rates of sliding to very small values (~ 10 mm yr-1) (Cuffey et al., 1999).  In         
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Figure 1.2:  Photograph of limestone adjacent to the Columbia Icefield, Alberta, that has 
been striated by debris in basal ice. 
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contrast, when basal ice is at the melting temperature, a thin water film (approximately 1 - 
100 µm thick (Hallet, 1979b)) forms at the rock-ice interface.  This water film is assumed to 
support negligible shear stress.  Thus the down-slope component of glacier weight is thought 
to be resisted by drag that bumps exert on the glacier sole (Lliboutry, 1968; Nye, 1969, 1970; 
Kamb, 1970; Gudmundsson, 1997).  This assumption is valid for clean basal ice that is free 
of rock debris. 
Ice at its melting temperature moves around bumps in two ways: regelation and 
enhanced deformation (Cuffey and Paterson, 2010).  Pressure is higher than hydrostatic on 
stoss surfaces and lower than hydrostatic on lee surfaces.  The resultant pressure gradient 
results in a temperature gradient across bumps that causes regelation: melting of ice on stoss 
surfaces, where the pressure-melting temperature of ice is depressed, and refreezing of 
resultant meltwater on lee surfaces due to the higher pressure-melting temperature there.  
Latent heat released during refreezing moves up-glacier through bumps to melt ice on stoss 
surfaces.  Only small bumps (less then a few decimeters in wavelength) are accommodated 
primarily by regelation because heat conduction through bumps is most rapid over short 
length scales.  Larger bumps are accommodated mainly by enhanced ice deformation; 
deviatoric stresses in ice associated with large bumps cause enhanced strain rates over large 
ice volumes, leading to high rates of ice flow around and over large bumps (Fig. 1.3). 
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Figure 1.3: (a) Regelation and (b) enhanced deformation.  Dashed lines represent ice flow 
lines.  Upstream of a bedrock bump deviatoric stress in ice is enhanced, resulting in locally 
high strain rates that accelerate ice around and over the bump (modified from Cuffey and 
Paterson, 2010).  
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B. Debris in ice and clast-bed contact forces 
Many observations indicate that the basal ice of glaciers contains debris (e.g., 
Boulton, 1974; Vivian, 1980; Knight, 1989; Jansson et al., 1996; Lawson et al., 1998; 
Iverson et al., 2003; Cohen et al., 2005) (Fig. 1.4).  Boulton (1974), in a tunnel 20 m beneath 
the Icelandic glacier, Breidamerkurjökull, observed clasts that were held in basal ice and 
were in contact with the bed.  Boulton observed striations and smoothed facets on clast 
asperities; he concluded that this was evidence clasts were in contact with the bed.  Cohen et 
al. (2005) collected basal ice samples beneath the Norwegian glacier, Engabreen.  
Volumetrically, debris accounted for 2% – 11% of basal ice, with the highest concentrations 
occurring near the bed.  These debris concentrations are lower than in some debris-rich basal 
layers of Matanuska Glacier, Alaska, where Lawson et al. (1998) measured debris 
concentrations of up to 40% by volume.  Most observations indicate that debris is generally 
sparse but present in the basal ice of glaciers (e.g., Kirkbride, 2002). 
Debris in basal ice has potentially two important effects: it causes rock friction at the 
glacier sole and abrades the bed.  In addition to bumps on the bed that cause drag, debris 
friction helps resist glacier sliding.  This friction depends on the contact force, Fc, that 
particles in ice exert on the bed, as given by Amonton’s law: Fs = µ Fc, where Fs is the shear 
force supported by a particle and µ is a coefficient of friction.  Rates of abrasion also depend 
on clast-bed contact forces, through the relationship described in Hallet’s (1979a) abrasion 
model: 
 
where  is a constant dependent on the hardnesses of rock fragments and the bed,  
€ 
˙ A = αchCrUcFc,
 
(1.1) 
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 is the concentration of rock debris in contact with the bed, Uc is the clast velocity, and  
is contact force. 
 
 
 
 
 
 
 
Figure 1.4:  Basal ice containing debris in contact with underlying bedrock beneath    
Engabreen, Norway. 
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Basal ice  
with debris 
Clean ice 
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Gilbert (1903) was one of the first to consider the mechanics of abrasion and also the 
related process of crescentic gouge formation (Gilbert, 1906).  Both of these processes 
require considering particle-bed contact forces.  Gilbert (1903) realized that in order for the 
bed to be abraded by a debris particle, the stress it exerted on the bed must be greater than 
stresses exerted on the bed adjacent to the point of particle-bed contact.  Gilbert (1906), 
unlike Boulton (1974) many years later, also recognized that such stress concentrations 
resulted from ice deformation past particles.  Long after Gilbert’s pioneering work, contact-
force magnitude was estimated in theoretical models (Boulton, 1974; Hallet, 1979a)   
 Boulton (1974) and later Hindmarsh (1996) suggested that rock particles on the bed 
were generally not completely surrounded by ice, so that contact forces were dependent on 
the local effective pressure (the overburden pressure of the ice minus the local water pressure 
at the bed).  The relationship between contact force and effective pressure causes contact 
forces and abrasion rates to be dependent on glacier thickness in Boulton’s model.  However, 
Boulton’s (1974, 1979) estimations of contact force did not consider ice movement past 
particles toward the bed.  Moreover, even if beneath particles there are water-filled cavities, 
water pressure within them is likely close to the mean ice pressure (Iverson, 2002), such that 
the effect on contact force is likely small.  
 Hallet (1979a, 1981) argued that ice behaved like a viscous fluid and completely 
surrounded particles, except for where the particle contacted the bed.  This may be 
particularly true on the stoss surfaces of bedrock bumps where abrasion is most pronounced.  
Hallet recognized that if ice completely surrounds a particle and is static, then it presses on 
the particle with nearly equal force in all directions, making contact force independent of 
glacier thickness.  Hallet concluded that the buoyant weight of boulders in ice affects their 
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contact forces significantly.  For smaller, much more common particles in ice, however, 
contact forces in Hallet’s model depend primarily on the drag exerted on rock particles by ice 
flowing towards the bed due to basal melting and longitudinal extension of ice.  Prior to 
Hallet’s (1979a, 1981) work, fluid mechanics studies by Goren (1970) described the 
hydrodynamic forces experienced by a sphere that rested on a bed with fluid flow toward it.  
This problem is close to but not the same as the glacier-bed problem in which ice can be 
removed at the bed due to melting.  Goren (1970) found that for a Newtonian fluid, drag on a 
sphere isolated from the bed was less than for one that rested on the bed.  Hallet (1979a) 
applied the results of Goren’s (1970) work to hypothesize that drag forces on particles were 
enhanced due to the proximity of the bed.  To quantify the bed’s effect, Hallet (1981) 
calculated the drag on a particle isolated from the bed and multiplied it by a bed-influence 
factor, φ.  Hallet (1981) used Goren’s (1970) work to estimate that φ = 2.4 for a spherical 
particle. 
 Iverson’s (1990) laboratory experiments confirmed Hallet’s (1979a) assumption that 
ice deformation past particles affected contact force.  Iverson measured drag forces exerted 
by moving temperate ice on a 53 mm diameter concrete sphere that rested on a flat bed.  Bed-
normal ice velocities were varied, and the resulting drag on the sphere was measured (Fig. 
1.5a).  During Iverson’s experiments, cavities formed beneath the sphere.  Iverson (1990) 
calculated the theoretical drag on an isolated sphere and compared it with experimental drag 
forces on the sphere to determine the bed-influence factor (Fig. 1.5b).  Iverson obtained 
values of φ between ~ 1.3 - 3.0.  Although results were consistent with Hallet’s (1979a) 
estimation of φ, Iverson (1990) never achieved steady-state downward ice velocities and 
drags.  In addition, a 12.5 mm steel rod was used to connect the sphere to the bed, which  
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Figure 1.5: (a) Downward force on the sphere and downward vertical ice velocity during one 
of Iverson’s (1990) experiments.  (b) Downward force on the sphere and the drag force 
calculated for an isolated sphere with an estimated effective ice viscosity.  The implied bed-
influence factor, φ, is between ~ 1.3 and 3.0 (from Iverson, 1990). 
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may have affected contact forces.  Moreover, poorly known rheological parameters in the 
flow law of ice had to be assumed to calculate the drag on an isolated sphere, which was not 
measured.   
Field measurements of basal shear stresses on a flat, smooth granite tablet beneath 
Engabreen, Norway (Iverson et al., 2003; Cohen et al., 2005), suggested that Hallet’s (1981) 
value of the bed influence factor (φ = 2.4) was significantly underestimated.  Ice containing 
2% - 11% debris by volume and sliding at about 45 m yr-1 exerted shear stresses ranging 
from 60 - 500 kPa, many times larger than predicted (Hallet, 1979a, 1981).  Iverson et al. 
(2003) and Cohen et al. (2005) suggested that high shear stresses measured beneath 
Engabreen could be accounted for by large contact forces.   
Cohen et al. (2005) modeled steady, nonlinear, creeping flow of ice around a 
stationary sphere on a flat bed, with basal melting driving downward ice velocity, zero shear 
traction on the sphere surface (frictionless), and no cavity formation.  Resultant numerical 
estimations of the bed influence factor indicated that φ was many times larger than predicted 
by Hallet (1979a, 1981) if the ratio of basal water film thickness to particle radius was small 
(Fig. 1.6).  This is a result of low ice pressure that develops beneath the particle to satisfy ice 
continuity there; steep pressure gradients develop there to push ice into the narrow gap 
beneath the particle at the same rate it is removed by basal melting (Cohen et al., 2005).  
Contact forces were greatest if the stress exponent in the flow rule of ice was less than the 
commonly accepted value of 3.0.  This modeling suggested that frictional resistance to 
glacier sliding is dramatically underestimated by models of glacier sliding (e.g., Nye, 1969; 
Kamb, 1970; Lliboutry, 1979) and abrasion (Hallet, 1981)  
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Figure 1.6: The bed-influence factor φ as a function of the fraction of the sphere immersed in 
the water film at the bed, for n = 1, 2, and 3; where hw is the thickness of the water film 
separating the ice from the bed, and R is the particle radius (modified from Cohen et al., 
2005). 
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C. Drag force on inclusions in ice: theory 
 Analytical solutions for the drag exerted on a sphere by a creeping fluid were first 
described by Stokes in 1879.  Stokes related velocity of a Newtonian fluid to drag on an 
isolated sphere in his famous 1879 equation,  
 
where is the drag force,  is the fluid viscosity, V is the fluid velocity, and R is the sphere 
radius.  Stokes’s flow equation assumed a no-slip boundary between the fluid and sphere.  
Lliboutry (1968) and Nye (1969) recognized that anywhere temperate ice contacts a solid 
object, a thin interfacial water film forms, lubricating the surface and reducing drag.  
Lliboutry and Ritz (1978) modified Stokes’s equation to account for zero shear traction on 
the surface of the sphere: 
 
Thus, zero shear traction on the surface of the sphere reduces the drag force by one-third. 
 Stokes’s flow equation is valid for Newtonian fluids, where strain rate is linearly 
proportional to the deviatoric stress.  Ice, however, is usually considered to behave as a non-
linear viscous fluid.  Non-linearity between stress and strain rate causes effective ice 
viscosity to decrease with increasing deviatoric stress, making ice more fluid at high stresses.  
Lliboutry (1979) described the relationship between strain rate and shear stress for a non-
linear viscous fluid as,  
 
where is effective strain rate (Hooke, 2005, p. 14), B is a fluidity parameter, τ is the 
effective shear stress (Hooke, 2005, p. 14), and n is the power-law exponent.  B is a constant 
that is inversely proportional to ice viscosity and depends on ice temperature (Duval, 1977) 
(1.2) 
(1.3) 
, 
 
 
 
€ 
˙ ε = Bτ
n
2 ,
 
(1.4) 
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and impurities and sediment in the ice (Nickling and Bennett, 1984).  Lliboutry and Ritz 
(1978) modified Equation 1.3 to account for the non-linear behavior of ice: 
 
 
This expression adjusted for the bed-influence factor is  
 
 
D. Objective 
The goal of this research is to measure reliably for the first time, the bed-influence 
factor and to thereby help guide models of debris-bed friction (e.g. Hallet, 1981) and 
abrasion (e.g. Hallet, 1979a).   
(1.5) 
(1.6) 
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CHAPTER 2. METHODS 
A. Apparatus  
The apparatus for these experiments is designed to measure drag forces exerted by 
moving temperate ice on an idealized particle both isolated from and resting on the bed 
(rigid, horizontal surface normal to ice flow).  The sphere is stationary as ice moves 
downward past it due to melting at the bed and bed-parallel extension.  For the sphere on the 
bed, the drag force is equal to the contact force.  The apparatus, which resides in a walk-in 
freezer kept a 2°C ± 1°C during experiments, is shown in Figure 2.1. 
 The body of the apparatus is a transparent, acrylic box (Fig. 2.1, 2.2), herein called 
the ice chamber, which contains a vertical cylinder of ice 0.305 m tall and 0.20 m in 
diameter.  Channels in the side-walls of this chamber contain a fluid for ice-temperature 
control that circulates around the circumference of the ice cylinder (Fig. 2.2 and 2.3).  This 
fluid enters the walls of the ice chamber through a single inlet at its base and leaves it 
through a single outlet at its top.  
 A lid made of three circular plates, each 0.20 m in diameter, is pressed downward 
onto the top of the ice cylinder by a hydraulic press capable of exerting 1500 kPa.  This press 
is built into a sturdy steel-loading frame (Fig. 2.1). The lid plates fit snugly into the 
uppermost 0.079 m of the ice chamber and are flush with its top when in place.  Two lid 
plates made of Delrin sandwich the third plate made of aluminum.  Two o-rings surround the 
uppermost Delrin plate; these seal against the inner walls of ice chamber, preventing 
meltwater water produced during experiments from leaking upward out of the ice chamber.  
The low thermal conductivity of Delrin insulates ice beneath the lid from the air of the walk- 
in freezer.  The middle aluminum plate contains internal channels through which the  
 17 
 
Figure 2.1: The contact force apparatus. 
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Figure 2.2: To-scale cross-sectional view of the apparatus with major components of the 
device labeled.  Spheres 1 and 2 within ice block show the placement of Delrin spheres 
during isolated-sphere and contact-force experiments, respectively. 
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Figure 2.3: (a) Top view of A-A’ cross-section from 3b, showing path of circulating fluid 
around the circumference of ice cylinder. (b) To-scale cross-sectional drawing of ice 
chamber, showing the separate circulation paths for fluid from circulating baths 1 and 2. 
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temperature-control fluid circulates. 
The bottom of the ice chamber contains a base plate (Fig. 2.4 and 2.5), which fits 
snugly into the lowermost 0.057 m of the chamber.  The base plate consists of one aluminum 
plate sandwiched between two Delrin plates (Fig. 2.4 and 2.5).  Two o-rings surround the 
upper Delrin plate; these prevented meltwater from leaking downward out of the chamber.  
Temperature-controlled fluid circulates through radial channels in the aluminum plate.  Three 
channels in the perimeter of the base plate allow meltwater to drain downward from the bed 
surface.  A fourth, more centrally located port (12 mm off center) also drains water from the 
base plate.  The base plate is mounted on steel supports, which support both the weight of the 
chamber and load applied by the hydraulic cylinder and also allow for pipes and electrical 
cables to run beneath the base plate (Fig. 2.2). 
The fluid for controlling ice temperature consists of a 4:1 water/glycol mixture. It 
circulates through channels in the chamber, lid, and base plate (Fig. 2.3) to regulate ice 
temperature more precisely than is possible with the walk-in freezer, which cycles through 
1°C.  Fluid temperature is regulated to a precision of 0.01°C outside the freezer by two 
circulating baths, which also pump the fluid to the apparatus.  One bath supplies fluid to the 
base plate, while the second bath supplies fluid to the ice chamber and lid. These separate 
baths are used to independently control heat flow to the base of the ice cylinder and heat flow 
to the walls and top of the ice cylinder.  Fluid circulated in the base plate is pumped from 
bath 1 to a single inlet near the center of the base plate. Fluid circulates radially outwards 
through channels in the aluminum plate, before exiting through a single outlet and returning 
to bath 1.  Fluid circulated through the ice chamber is pumped from bath 2 to a single inlet at 
the base of the chamber.  Fluid circulates upward through the channels in walls of the    
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Figure 2.4: To-scale cross-sectional drawing of base plate with major components labeled.      
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Figure 2.5:  The base plate with Delrin sphere fixed to bed. 
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chamber and exits through a single outlet at its top.  Fluid is then routed to the ice chamber 
lid, where the fluid circulates before returning to bath 2 (Fig. 2.3).  Fluid is transported to and 
from the apparatus in insulated tygon tubing that runs though the freezer wall.   
 
B. Measurements and instrumentation 
 In some experiments using the “isolated-sphere configuration,” drag force is 
measured on a 50 mm diameter Delrin sphere, held stationary in the center of the ice 
cylinder.  The sphere is threaded onto the end of a 3.175 mm diameter titanium rod that 
extends vertically upward through a small hole in the ice chamber lid.  This rod is attached to 
a pancake load cell (Sensotec, model 41) mounted on a steel frame above the ice chamber 
(Fig. 2.2).  When the cylinder of ice is under a downward stress and at its melting 
temperature, the ice flows downward as melting occurs at the base of the ice cylinder and 
resultant water drains from the base of the ice chamber.  Ice viscously deforms around the 
stationary sphere exerting a drag force that is transmitted through the titanium rod to the load 
cell.  The low thermal conductivity of Delrin inhibits heat transfer through the ball, which 
inhibits regelation of ice around the sphere.  The lid moves downward past the stationary 
titanium rod as ice is lost due to melting at the bed and drainage of meltwater.  The 
downward stress on the ice is measured by a three-axis, vibrating-wire load cell (Geokon, 
model 4900-85-1.375) mounted on the piston of the hydraulic press.    
 To prevent water from passing between the lid and the titanium rod, an 80 mm long 
plastic plug is positioned around the rod and epoxied in place.  Four o-rings surround the 
plug to seal it against the ice chamber lid.  As the lid moves downward, friction between the 
lid and plug adds to the total downward force measured by the load cell.  Experiments 
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conducted to measure this friction show that it adds 20-25 N of downward force to the 
titanium rod.  To obtain the true drag force on the sphere, 22.5 N are subtracted from all 
load-cell measurements during isolated-sphere experiments.   
 In “contact-force experiments,” the same sphere rests on the upper surface of the base 
plate (Fig. 2.5). The sphere is centered above a 12.7 mm diameter vertical rod that extends 
downward to a vibrating wire load cell (Geokon, model 4900X) beneath the apparatus.  This 
rod consists of a 19.0 mm long steel cap connected to an underlying 79.4 mm long ceramic 
rod.  A 4.76 mm diameter hardened steel pin extends upward from the steel cap and into a 
hole at the base of the sphere (Fig. 2.4).  This pin fixes the sphere’s location over the rod.  
Two o-rings surround the metal cap and prevent downward drainage of melt water around the 
rod.  During experiments ice at its melting temperature flows downward exerting a drag on 
the sphere, pressing the sphere against the rod.  The contact force between the sphere and the 
rod is transmitted through the rod and recorded by the underlying load cell.         
 Temperature is measured in multiple locations using miniature glass probe 
thermistors (Yellow Spring Instrument, model 55034) calibrated to a precision of 0.001 ˚C.  
Eight thermistors are located in the base plate (Fig. 2.4): four at the ice-bed interface, and 
four 31.75 mm beneath the bed surface, to allow computation of upward temperature 
gradients and associated heat fluxes.  Five thermistors are frozen into the ice cylinder to 
measure ice temperature.  Four additional thermistors are used to measure temperature of the 
circulating glycol/water mixture immediately before it enters and after it leaves the base plate 
and chamber.  Freezer temperature was measured during experiments using a GEC 
Instruments precision thermistor (GEC model S1TH).      
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 Water pressure in the interfacial film between the ice and base plate is measured with 
two strain-gauge load cells (Honeywell, model S) that record fluid pressure in screened ports 
just below the bed surface.  One port is near the center of the base plate (14 mm off-center), 
while the second piezometer is nearer the perimeter (60 mm off-center) (Fig. 2.4). 
 Two methods are used to determine downward ice velocity: (1) measuring 
displacement with linear variable differential transducers (LVDT, Sensotec model 060-3611-
02) and, (2) calculating the downward ice velocity using temperature measurements to 
calculate heat fluxes and melt rates.   
 To measure the downward ice movement using an LVDT, a Delrin disk threaded onto 
the end of a steel rod is frozen horizontally into the ice, 90 mm above the bed.  The steel rod 
extends vertically upward through the ice and out a sealed hole in the chamber lid (Fig. 2.2).  
Downward movement of the ice carries the Delrin disk and steel rod downward.  Two 
LVDT’s are mounted on a fixed frame above the chamber: one records the downward 
movement of the steel rod, while the second records the downward movement of the ice 
chamber lid. 
 Downward ice velocity is also calculated using measured temperature gradients in the 
bed and chamber walls to estimate heat fluxes and melt rates.  The heat flux, φq, is 
 
 
where K is the thermal conductivity of the material and ΔT is the change in temperature over 
a distance ΔZ.  The resultant melt rate,  is given by 
 
(2.1) 
(2.2) 
, 
 
€ 
˙ M = φq
ρiLi
,
 
 26 
where is the density of ice, and is its latent heat.  All melting that occurs along the base 
of the ice cylinder contributes to downward ice movement.  Melting along chamber walls 
removes ice from the perimeter of the cylinder causing bed-parallel extension. Extending ice 
has a downward component of movement, which contributes to the total downward velocity. 
Downward ice movement due to extension is added to the downward ice velocity caused by 
basal melting to obtain the total downward ice velocity.    
 Thermistors, load cells for measuring water pressure, and LVDT’s are excited using a 
National Instruments SCXI 1600 chassis, which houses a SCXI 1314 and a SCXI 1175 panel.  
Vibrating-wire Geokon load cells are excited by a 12V power supply.  The vibrating-wire 
signal returning from load cells is converted to a analog voltage signal with a Geokon 8020-
59 converter box.  All data are logged on a PC equipped with National Instruments Labview 
software.  Data are sampled and stored approximately once every 20 seconds.  
 In both isolated-sphere, and contact-force experiments, markers are frozen into the ice 
to record the deformation profile near the sphere.  Four lengths of taut thread are frozen 
horizontally in the ice, 70 mm above the sphere.  Downward movement of ice results in its 
deformation around the sphere and deflection of the threads. 
   
C. Experimental procedure 
 To begin setting up an experiment, a cylinder of ice is constructed within the ice 
chamber.  Ice is made by setting the walk-in freezer to -5°C and freezing deionized water.  
The ice is than crushed and sieved to obtain grain sizes between 4.0 mm and 2.0 mm.   Ice 
grains are mixed with cooled water and frozen in 6.0 mm thick layers inside the ice chamber.  
This technique provides uniformly sized crystals without preferred orientation.  The Delrin 
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sphere, thermistors, ice displacement markers (threads), and Delrin disk/steel rod, are frozen 
into the cylinder during ice construction.   
 In isolated-sphere experiments the ice chamber is inverted during construction of the 
ice cylinder.  The ice-chamber lid is slid into place before beginning ice construction.  Ice 
layers are built until the cylinder is 0.305 m tall.  The base plate is then installed, and the ice 
chamber is rotated upright.  The ice chamber is then centered under the hydraulic press, and 
the ice-chamber lid is attached to the piston of the hydraulic press.   
 The freezer is then warmed to +2.0°C, a small downward stress of 50 kPa is applied 
to the ice, and the water/glycol fluid at 0.0°C is circulated through the periphery of the 
apparatus.  When thermistors in the ice indicate that it has warmed to its pressure-melting 
temperature, (-0.003 °C) and both LVDT sensors record downward movement, the 
downward stress on the ice is increased to 1000 kPa.  This value is commensurate with a 
glacier ~110 m thick, and sufficient to ensure downward ice motion in response to melting.   
With a load on the ice and melting occurring at the bed, ice flows towards the bed 
exerting a drag force on the stationary sphere.  When drag on the sphere is steady, the 
temperature of the bath circulating fluid to the base plate is increased by 0.2°C; fluid being 
circulated to the annulus and lid is kept at the ice melting temperature.  Increasing the fluid 
temperature in only the base plate increases the rate of ice melting at the base of the ice 
cylinder; this causes an increase in downward ice velocity.   
 When the downward ice velocity and drag on the sphere become steady, fluid 
temperature in the base plate is again increased by 0.2°C, thereby increasing the melt rate at 
the bed and downward ice velocity.  This process is repeated until downward ice velocities of 
approximately 2.3 mm d-1 are attained.  This ice velocity is of the same order as rates of ice 
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convergence toward the bed along stoss bedrock surfaces, where abrasion is most 
pronounced.  When drag becomes steady at this maximum velocity, rates of melting at the 
bed are incrementally decreased.  This process is continued until the hydraulic cylinder is at 
its maximum reach, and a downward stress can no longer be applied to the ice.  The full 
stroke of the cylinder piston is 51 mm. 
 The experimental procedure for contact-force experiments is the same as that of 
isolated-sphere experiments, except for the building of the ice cylinder.  In contact-force 
experiments the ice chamber is upright during ice construction.  Prior to building ice, the 
base plate is inserted into the base of the ice chamber, and the sphere is then installed on the 
bed, directly over the force-transmitting rod (Fig. 2.4).  Ice is then built layer-by-layer around 
the sphere.  Thermistors, displacement markers, and the Delrin disk/steel rod are frozen into 
the ice at appropriate locations.  When ice construction is complete, the ice-chamber lid is 
installed, and the ice chamber is positioned beneath the hydraulic press.   
 After experiments are completed the ice cylinder is removed from the ice chamber 
and dissected.  This dissection allows displacement markers in the ice and separation of ice 
from the sphere, which occurred in all contact-force experiments, to be measured and 
photographed. 
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CHAPTER 3. RESULTS 
A. Unsuccessful experiments 
 In total, seven experiments were conducted and assigned numbers based on the order 
in which they were conducted (Table 3.1).  However, Experiments 2, 3, and 4, were 
unsuccessful due to various mechanical failures associated with conducting the first 
experiments with a sphere on the bed (contact-force experiments).  No reliable and hence 
useable data were obtained from these experiments, which served effectively as shakedown 
tests of the custom-built apparatus.   
 
Table 3.1:  General information about the experiments. 
Experiment 
number 1 2 3 4 5 6 7 
Experiment 
type 
Isolated 
sphere 
Contact 
force 
Contact 
force 
Contact 
force 
Contact 
force 
Isolated 
sphere 
Contact 
force 
Duration 
(days) 36 11 22 28 26 21 20 
Successful 
(y/n) Y N N N Y Y Y 
 
Experiment 2 was unsuccessful because the rod, which was connected to the plate 
that had its downward motion measured to record ice velocity (Fig. 2.2), deformed beneath 
the chamber lid.  The chamber lid was designed to slide freely past the rod, which in this 
initial contact-force experiment was Delrin.  Instead, the rod became caught on the bottom of 
the lid and buckled as the lid moved downward.  At the time, it was thought that ice velocity 
toward the bed was best determined by measuring the downward displacement of this rod.  
Therefore, the experiment was stopped when this was no longer possible.  In later 
experiments, the rod was replaced with a rigid steel rod, although the downward ice velocity 
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calculated from the rod displacement varied significantly, despite steady-state melting at the 
base of the ice cylinder.  This variability likely reflected the small area of the bed sampled by 
this measurement (Fig. 2.2).  In subsequent experiments downward ice velocities calculated 
from heat-flux measurements were deemed more reliable. 
Experiment 3 was unsuccessful because the Delrin sphere rotated and thus moved 
from the center of the ceramic rod that transmitted its load to the underlying load cell (Fig. 
2.4).  A steel locator pin (0.9 mm diameter) extending from this rod and into the sphere was 
intended to fix the sphere over the rod.  However, uneven bed temperatures (Fig. 3.1) 
resulted in greater downward ice velocities on one side of the sphere.  Resultant non-uniform 
drag on the sphere applied a torque to it that fractured the ceramic rod surrounding the locater 
pin, so that the sphere was able to rotate.  After this experiment a steel cap was added to the 
ceramic rod to reinforce it, and the diameter of the steel pin was increased to 1.5 mm. 
During Experiment 4 the sphere again rotated off the center of the force-transmitting 
rod.  As in the previous experiment, torque on the sphere resulted from differential ice 
velocities.  However, in this case the locater pin bent (Fig. 3.2) in response to the resultant 
torque, allowing rotation.  After this experiment the diameter of steel pin was increased 
again, this time to 2.3 mm.  Subsequent contact-force experiments were successful, with no 
rotation of the sphere. 
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Figure 3.1:  Temperatures at two places in the bed separated by 64 mm and on opposite sides 
of the sphere. 
 
 
 
Figure 3.2: Bent 1.5 mm diameter steel pin after Experiment 4.  Scale is in inches 
 
 32 
B. Time series from successful experiments 
A requirement of these experiments is that ice be at its pressure-melting temperature.  
This was demonstrated before each experiment when stress on the ice was incremented from 
a small value of ~ 50 kPa to the experimental value of 1000 kPa.  In all experiments, ice 
temperature immediately decreased to ~ -0.06 to -0.07 ºC (Fig. 3.3), within measurement 
error of the expected pressure-melting point at the higher stress (-0.07 ºC, Harrison, 1972). 
Temperature will display this pressure dependence only if ice is at the melting temperature. 
During both isolated-sphere and contact-force experiments, drag force was a function 
of downward ice velocity (Fig. 3.4 and 3.5, see also Appendix 1).  Incrementally changing 
the temperature of the fluid circulating through the base plate changed the vertical 
temperature gradient in the bed and changed basal melt rates, thereby affecting the downward 
ice velocity.  Reasonably steady bed temperatures, melt rates, and downward ice velocities 
were attained within ~ 1 hour of changing the temperature of the basal fluid.  Reasonably 
steady drag forces were reached 1-2 days after changes in downward velocity, with ice 
displacements of ~ 0.5-1.5 mm required to reach a steady drag.  Steady downward ice 
velocity was always directly correlated to the steady drag force (Fig. 3.4 and 3.5).   
Bed-surface temperatures changed in response to changes in bed-fluid temperature, 
and were always somewhat warmer (< 0.18°C) than the pressure-melting temperature of ice 
(-0.07 ºC) under the applied load of 1000 kPa (Fig. 3.4 and 3.5).  This temperature difference 
presumably reflects the finite thickness of epoxy (~1-2 mm) dividing the sensing element of 
thermistors from the ice.  Wall-fluid temperatures were kept at 0.02°C ± 0.01°C for the 
duration of experiments (Fig. 3.4 and 3.5).  Therefore, melt rate around the circumference of 
the ice cylinder and the effect of this melting on the downward ice velocity were steady.   
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Figure 3.3:  The pressure-melting temperature of ice was depressed when a normal stress of 
1000 kPa was applied.  This temperature change indicated that ice was at its melting 
temperature.  This relationship was observed in all experiments. 
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Figure 3.4:  Time series of data spanning steady-state downward ice velocities and drags 
during Experiment 6, an isolated-sphere experiment.  Bed-surface temperature is an average 
of four bed-surface thermistors.  The pressure-melting temperature of the ice was -0.07 ºC. 
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Figure 3.5: Time series of data spanning steady-state downward ice velocities and drags 
during Experiment 7, a contact-force experiment.  Bed-surface temperature is an average 
temperature from the four bed-surface thermistors. The pressure-melting temperature of the 
ice was -0.07 ºC.   
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During experiments, water pressure at the bed sometimes fluctuated but was always 
above atmospheric pressure (Table 3.2).  These fluctuations resulted in changes in drag force 
(Fig. 3.6 and 3.7).  Simultaneous water-pressure measurements made by sensors located 46 
mm apart on the bed indicated that water pressure was not uniform across the bed (Fig. 3.6).  
The amplitudes of water-pressure fluctuations were also different for the two sensors (Fig 
3.6).  Fluctuations in drag force were antithetically correlated with pressure changes recorded 
by the sensor located 14 mm from the center of the base plate, and less well correlated with 
pressure changes recorded 60 mm from the center of the base plate (Fig. 3.6).  As 
experiments progressed pressure fluctuations became more frequent, and their effect on drag 
force decreased (Fig. 3.7).  At the end of Experiment 3, the water-pressure sensor located 14 
mm from the center of the base plate failed.  The sensor was not replaced, owing to a design 
flaw that made its location vulnerable to leakage into the sensor, leaving only one working 
water-pressure sensor for the remaining four experiments.  Although changes in water 
pressure resulted in drag changes, the relationship was not simple and seemed to vary 
spatially and temporally, so the water-pressure fluctuations could not be used in a 
straightforward way to help understand the measured drag.  No steady-state downward ice 
velocities or drags were used when water pressure fluctuations caused drag-force fluctuations 
of more than 100 N.      
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Table 3.2: Mean water pressures at the bed with ± one standard deviation (S.D.) of 
variability.  Mean water pressures represent the average water pressure at the bed during 
steady-state downward ice velocities and drags.      
 
Experiment number Mean water pressure 60 mm from center (kPa) 
Mean water pressure S.D. 
60 mm from center (kPa) 
1 620.80 ±60.46 
5 538.32 ±233.34 
6 437.96 ±332.34 
7 616.76 ±280.01 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
Figure 3.6:  During Experiment 3 water pressure 14 mm from the center of the base plate 
fluctuated, spanning a range of ~200 kPa.  60 mm from the center of the base plate, gradual 
water pressure increases were followed by rapid deceases; these fluctuations spanned a range 
of ~800 kPa.  Contact-force fluctuations were antithetically correlated with water-pressure 
changes occurring nearer to the center of the base plate. 
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Figure 3.7:  Water pressure at the bed and drag force on the isolated sphere during 
Experiment 6.  Water pressure fluctuations consisted of gradual pressure increases to ~850 
kPa, followed by rapid deceases to ~220 kPa. Water pressure data are from the sensor located 
60 mm from the center of the base plate. 
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C. Post-experimental observations 
At the conclusions of experiments, a vertical cross-section of the ice block was cut so 
deformation markers and ice surrounding the sphere could be observed.  During isolated-
sphere experiments, a region of white ice containing air bubbles formed on the lee side of the 
sphere (Fig. 3.8, and 3.9).  In Experiment 1, the region of altered ice was 10 mm in length 
with near vertical sides (Fig. 3.8).  In Experiment 6, this region was 22 mm in length, had 
tapered sides, and contained radially oriented laminations  (Fig. 3.10).  No cavity was present 
beneath the sphere, but in both experiments sufficient time passed before dissection of the ice 
block (> 1 day) for water in the cavity to freeze after the experiment was concluded.  
 During contact-force experiments a cavity formed beneath the sphere.  In Experiment 
5, a radially symmetric cavity developed with a plan-view area of 254.46 mm2 (Fig. 3.11 and 
Fig. 3.12), demarcated by the line of contact between ice-covered and ice-free portion of the 
sphere.  In Experiment 7 a radially symmetric cavity formed with an area of 132.73 mm2 
(Fig. 3.13).  During these experiments, no bubble-rich ice formed beneath the sphere.   
Threads (deformation markers) that were initially frozen horizontally in the ice 
became deflected around the sphere as ice moved downward.  Deformation markers 
indicated that there was a monotonic decrease in downward velocity of ice moving laterally 
toward the sphere (Fig. 3.14 and 3.15).  
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Figure 3.8: Region of bubble-rich white ice on the lee side of the sphere after Experiment 1.  
Region of ice was ~10 mm in length.  Sphere has been cut in half vertically.    
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Figure 3.9:  Region of bubble-rich ice on the lee side of the sphere after Experiment 6.  Ice 
has been cut away from half of the sphere.  Scale is in inches.  
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Figure 3.10:  Close-up photograph of bubble-rich ice on the lee side of the sphere after 
Experiment 6.  Region of ice contained radially oriented laminations.    
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Figure 3.11:  Vertical cross-section of the cavity (arrows) that formed in Experiment 5.  Ice 
has been cut away from half of the sphere.  Scale is in inches. 
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Figure 3.12: Photograph of radially symmetric cavity taken from directly beneath the sphere 
after Experiment 5.  Circumference of cavity is outlined with a dashed line.  Diameter of the 
cavity is 18 mm.  Scale is in inches.   
 
 
 
 
 45 
 
 
 
 
 
 
 
Figure 3.13:  Vertical cross-section of the cavity (arrows) that formed in Experiment 7.  Ice 
has been cut away from half of the sphere.  Diameter of the cavity is ~ 13 mm.  Scale is in 
inches. 
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Figure 3.14:  Photograph of deflected thread after Experiment 7, an isolated-sphere 
experiment.  At the start of the experiment, the threads were horizontal and 25 mm above the 
top of the sphere.  As ice moved downward, threads moved with it.  The sphere has been 
removed from the ice, and the remaining sphere cavity is outlined with a dashed line.  Scale 
is in inches.    
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Figure 3.15: Photograph of deflected threads after Experiment 7, a contact-force experiment.  
At the start of the experiment, the threads were horizontal and 50 mm above the top of the 
sphere.   As ice moved downward, threads moved with it.  Scale is in inches.    
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D. Drag-velocity relationship 
The relationship between drag and downward ice velocity for periods when both of 
these variables were reasonably steady was nearly linear, regardless of whether the sphere 
was isolated from the bed or resting on it (Table 3.3 and Fig. 3.16). As expected, the sphere 
on the bed was subjected to systematically higher drag forces for a given downward ice 
velocity than the isolated sphere.  However, the implied bed-influence factor was small: φ = 
1.23 -1.28 (Fig. 3.16).  
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Table 3.3:  Downward ice velocities and drags for periods when both variables were 
reasonably steady, with ± one standard deviation (S.D.) of variability during those periods 
 
 
 
 
 
Experiment 
1 Melt rate (mm d
-1) Melt rate S.D.  (mm d-1) 
Drag force 
(N) 
Drag force 
S.D. (N) 
 0.48 ±0.032 576.5 ±4.24 
 0.63 ±0.026 672.5 ±7.07 
 0.82 ±0.038 802.5 ±5.66 
Experiment 
5 
    
 0.38 ±0.082 850 ±59.39 
 0.62 ±0.123 915 ±35.35 
 1.02 ±0.091 1125 ±26.87 
 1.45 ±0.101 1535 ±27.57 
 1.84 ±0.179 1960 ±25.45 
 0.83 ±0.106 850 ±33.94 
 1.11 ±0.107 1110 ±38.89 
 1.55 ±0.142 1560 ±24.74 
 2.07 ±0.091 1970 ±24.81 
 1.47 ±0.129 1695 ±23.33 
 1.10 ±0.060 1314 ±25.45 
 1.66 ±0.069 1735 ±31.11 
 1.20 ±0.074 1310 ±25.46 
Experiment 
6 
    
 2.30 ±0.098 1776.5 ±16.97 
 1.74 ±0.042 1412.5 ±3.54 
 1.28 ±0.035 1119.5 ±4.95 
 0.773 ±0.058 804.5 ±4.24 
 1.28 ±0.077 1086.5 ±5.66 
 1.69 ±0.081 1413.5 ±11.31 
 2.01 ±0.064 1739.5 ±7.07 
Experiment 
7 
    
 1.02 ±0.113 1001 ±108.18 
 1.506 ±0.035 1604 ±20.51 
 1.93 ±0.120 2112 ±24.04 
 1.54 ±0.085 1760 ±26.87 
 1.15 ±0.077 1308 ±24.74 
 0.58 ±0.085 817 ±59.39 
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Figure 3.16: Downward ice velocity and drag for isolated-sphere and contact-force (sphere 
on bed) experiments.  Linear regression lines are plotted for both types of experiment.  Data 
indicate that the bed-influence factor, φ, is between 1.23 and 1.28.  Horizontal and vertical 
error bars indicate one standard deviation of parameter variability during periods when both 
drag and ice velocity were reasonably steady.      
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CHAPTER 4. DISCUSSION AND IMPLICATIONS 
A. Discussion  
 The most fundamental conclusion of this thesis is that the bed influence-factor is 
small.  The indicated range of φ is 1.23-1.28.  These values are of the same order as values 
determined in experiments by Iverson (1990) (1.3 - 3.0) and the value that was assumed by 
Hallet (1981) (2.4).  However, the measured range is not of the same order as the larger 
values required to explain the friction measured beneath Engabreen by Iverson et al. (2003) 
and Cohen et al. (2005).  Other factors will need to be invoked to explain the high friction 
there. 
  One likely reason for the small bed-influence factor is the cavity that formed beneath 
the sphere when it was on the bed.  The large values of φ modeled by Cohen et al. (2005) 
(see Fig 1.6) result from the model requirement that mass continuity be maintained as ice 
melts at the bed in the narrow space under the sphere.  This ice-continuity requirement causes 
steep pressure gradients to drive ice flow at a sufficient rate under the sphere, which in turn 
requires low pressure in the ice there.  This low pressure beneath the sphere results in the 
high modeled drag and high bed-influence factor.  In the experiments, however, some of the 
narrow zone beneath the sphere did not contain ice, owing to the cavity that formed there. 
When a cavity forms and the narrow space under the sphere is occupied by water, 
rather than by ice, the pressure against the sphere there depends on the water pressure in the 
cavity.  If water pressure in the cavity is lower than ice pressure there in the absence of the 
cavity, drag on the sphere is larger than in the case of no cavity.  This effect on drag force 
can be approximated by neglecting the slight curvature of the part of the sphere in contact 
with water and assuming that the water pressure in the cavity was equal to the average water 
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pressure at the bed (Table 3.2).  The force on the sphere, ΔF (Table 4.1), caused by the 
cavity, assuming a hydrostatic distribution of ice pressure on the sphere, is   
 
 
where Acavity is the plan-view area of the cavity, Pice is the ambient ice pressure (1000 kPa), 
and Pwater is the water pressure in the cavity.  The direct effect of the cavity-water pressure is    
 
Table 4.1: Force on sphere due to water pressure in the cavity in the two contact-force 
experiments.  The force was determined from the mean water pressures at the bed, and the 
ranges reflect ± one standard deviation of water pressure variability measured there (see 
Table 3.2).  The maximum force on the sphere was calculated assuming water pressure in the 
cavity was zero. 
 
 
Force on sphere due to 
cavity   
(N) 
Maximum force on 
sphere due to the cavity 
(N) 
Experiment 5 57.99-176.53 254.45 
Experiment 7 30.33-118.05 132.73 
 
 
a significant percentage of the difference in measured drag force between the isolated-sphere 
and contact-force experiments (~18% - 95% at the lowest ice velocities and ~7% - 44% at the 
highest ice velocities).  Thus, the cavity beneath the sphere on the bed had a discernible 
effect on the value of φ.  Determining the exact value of φ resulting from the cavity would 
require knowing the ice dynamic pressure distribution on the full surface of the sphere for the 
case of no cavity, which would necessitate a numerical solution of the flow; such modeling is 
beyond the scope of this thesis.  However, the value of φ would be maximized if water 
pressure in the cavity were zero, this would lead to a force increase on the sphere of ~255 N 
during Experiment 5 and ~133 N during Experiment 7 (Table 4.1).  These values are less 
than the difference in drag for the two sphere positions when basal melt rates were high 
,  
 
4.1 
 53 
(~400 N, Fig. 3.16), so the cavity alone cannot be responsible for the measured bed-influence 
factor. 
 The bubbly and hence white ice observed beneath the sphere in the isolated-sphere 
experiments (Fig. 3.8, 3.9, and 3.10) probably indicates that a cavity formed in those 
experiments as well, with water that did not drain from the cavity after experiments and froze 
during the time between the conclusions of experiments and dissection of the ice block.  
Without a drainage path through the ice to the drains in the bed, water in the cavity was 
likely under a pressure comparable to the ambient ice pressure beneath the sphere and 
therefore would not have accentuated and may have reduced the drag relative to the case of 
no cavity.   
    Why did cavities form?  In the case of the contact-force experiments, the bed, as a 
source of heat, melted ice faster than it could flow into the gap between the sphere and the 
bed.  This rate of ice flow depends on the water pressure available at the bed, which together 
with the ice overburden pressure sets the value of the pressure gradient driving flow.  In the 
natural setting, the cavity water pressure should be close to the ice overburden pressure and 
hence sufficiently high to not result in a high bed-influence factor.  In fact, for a cavity of 
steady size to persist under a particle, water pressure must slightly exceed the ice-overburden 
pressure.  In that case water produced by melting around the surface of the sphere must be 
evacuated from the basal cavity at the same rate the water enters it from above.  This 
evacuation would require slightly higher pressure in the cavity than in the water film adjacent 
to the particle, which should be at the ice-overburden pressure.   
The likely explanation for the cavity that apparently formed in the isolated-sphere 
experiments is less obvious.  The cavity may reflect incomplete refreezing associated with 
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regelation: pressure-driven melting and refreezing.  Such incomplete refreezing has been 
commonly observed in regelation experiments in which various inclusions are dragged 
through temperate ice (e.g. Townsend and Vickery, 1967; Drake and Shreve, 1973).  During 
Drake and Shreve’s (1973) experiments, wires of different sizes and thermal conductivities 
were used.  Incomplete refreezing in these experiments was attributed to the accumulation of 
solutes in the water layer around the wires.  Solutes were thought to concentrate on the lee 
sides of the wires, lowering the freezing temperature there and preventing complete 
refreezing. 
By providing another flow mechanism, regelation would decrease the drag force ice 
exerts on the sphere as it moves past it.  Therefore, if ice in these experiments moved past the 
sphere by a combination of viscous deformation and regelation, the drag force would have 
been reduced relative to the case of only viscous deformation.  To assess the regelation 
contribution, Watts’s (1974) analytical solution for the drag force, Fd, which accounts for 
both viscous deformation and regelation past an isolated sphere, was used.  In order to apply 
this solution, the ice in these experiments was assumed to have linear rheology, an 
assumption that is justified hereinafter.  Watts’s (1974) expression for the drag force is 
 
 
where, η is ice viscosity, R∗ is a transition sphere radius for which viscous flow and 
regelation contribute equally to the drag, R is the radius of the sphere, and V is the far-field 
ice velocity.  For a Delrin sphere, R∗ = 0.28 cm (Cohen et al., 2005, Equation 15).  To 
estimate the importance of regelation, the expression for the drag force on an isolated sphere 
without regelation (4πηVR) (see Equation 1.3) can be multiplied by a constant C, which 
4.2 , 
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heuristically adjusts this expression to account for the regelation contribution.  Equating this 
expression with Equation 4.2 yields 
 
To isolate the effect of regelation, an apparent viscosity, = Cη can be defined that 
implicitly includes the effect of regelation.  Equation 4.3 then can be written as  
 
 
 
Substituting the values of R and R∗ for the Delrin sphere into this equation yields the apparent 
viscosity : = η/(1.0125), indicating that it was only 1.0125 times smaller than the 
viscosity and that the effect of regelation on drag was, therefore, seemingly quite small.     
The drag that ice exerts on clasts as it flows past them and potentially the bed-
influence factor depend on the ice rheology, specifically on the values of n and B in the flow 
rule (Equation 1.4).  The steady-state relationship between drag and ice velocity for the case 
of the isolated sphere can be used to determine the effective value for both n and B for the 
synthetic ice of the experiments.  Equation 1.5 (Llibourty and Ritz, 1978), which applies to 
the case of non-linear ice flow past on an isolated sphere without regelation, was fitted to the 
steady-state velocity-drag data (Fig. 3.16) from the isolated-sphere experiments.  This fit 
yielded n = 1.3, and B = 9.64×1010 Pa-1.3 s-1.  This fitted value of n near 1.0 indicates that the 
behavior of the ice was only mildly nonlinear and justifies the use of the Watts solution 
(Equation 4.2), which assumes linearly viscous flow. 
4.3 
4.4 
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The fitted value of n is consistent with the pattern of thread deflection observed in the 
experiments.  Lliboutry and Ritz (1978) calculated the velocity field around a sphere in ice 
and found that when n in the flow rule (Equation 1.4) exceeded 1.5, ice velocity near the 
sphere became larger than the uniform far-field velocity and declined to a value less than the 
far-field velocity immediately adjacent to the sphere (Fig. 4.1).  Hooke and Iverson (1985) 
integrated these velocities over time to show that deformation markers in ice will display a 
bulge (a zone with ice displacements greater than the far-field value) near inclusions.  The 
threads of this study display no such bulge.  Rather there was a monotonic decline in total 
displacement from the far field to the sphere’s surface (Fig. 3.14 and 3.15).  Thus, this 
deformation pattern indicates that n for the ice in this study was less than 1.5, consistent with 
the value determined by fitting the velocity-drag data (n = 1.3).  
There are at least two possible reasons why a low value of n might be expected in this 
study.  1) At such low ice velocities deviatoric stresses in the ice that caused deformation 
were likely small.  Goldsby and Kohlstedt (2001) have shown that at low deviatoric stresses 
grain boundary sliding rather than dislocation creep is the rate-limiting deformation 
mechanism.  The flow law exponent for grain boundary sliding is 1.8, lower than the value of 
3.0 that is usually assumed for ice and the value of 4.0 that arises from considering only 
dislocation-driven deformation.  2) Regelation likely contributed, at least in a minor way, to 
flow.  Regelation speed depends linearly on the deviatoric stress because the melting 
temperature of ice decreases linearly with ice pressure and pressure-dependent temperature 
gradients drive regelation.  Thus, regelation might have helped reduce the apparent value of 
n. 
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Figure 4.1:  Stream lines and velocities for ice flowing around a sphere without regelation 
and with zero shear traction on the surface of the sphere.  Dotted lines are for ice with a stress 
exponent of n = 1; solid lines are for ice with n = 3.  Ice velocity near the sphere is larger 
than the far-field ice velocity when n = 3.  For ice with n = 1, there is a monotonic decline in 
velocity from the far field to the sphere’s surface (modified from Lliboutry, 1979). 
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The fitted value of the fluidity parameter B cannot be compared directly to values 
reported in the literature because the value and dimensions of B depend on n, which in this 
study was 1.3 and not one the values usually considered  (e.g., n = 1 (e.g. Cohen, 2000), n = 
1.8 (e.g. Goldsby and Kohlstedt, 2001), or n = 3 (e.g. Paterson, 1994)).  A comparison can be 
made, however, if ice is again assumed to have a linear (n =1) rheology, close to the fitted 
value for n.  The data in Figure 3.16 were, therefore, fitted with Equation 1.3, which applies 
to linear ice flow past an isolated sphere with zero shear traction on its surface and no 
regelation.  This linear fit yielded a fluid viscosity η: η = 1.87×1011 Pa s.  By definition B =  
1/η (e.g., Lliboutry, 1979), so the value of B for n = 1 is 5.35×10-12 Pa-1 s-1. 
 This value is smaller than values of B reported for basal ice (e.g. Cohen, 2000).  
Based on measured stresses and velocities associated with ice flow past an instrumented 
bump on the bed of Engabreen, Cohen (2000) computed six different values for B for the 
case of n = 1 and various assumptions regarding flow over the bump.  Once these values are 
converted to values appropriate for the flow law convention used by Lliboutry (1979), the 
average of these values is 8.29×10-12 Pa-1 s-1 with a standard deviation of 1.81×10-11 Pa-1 s-1.  
This mean value is about a factor of 2 larger than the fitted value of B for n = 1 from this 
study.  This difference is consistent with expectation, given that debris in basal ice and its 
higher-than-normal water content tend to increase its effective fluidity (e.g., Cohen, 2000). 
 
B. Implications 
 The most important implication of the small bed-influence factor determined in this 
study is that theory describing the drag on isolated spherical clasts can provide a good 
estimate of contact forces.  This result implies that in studies aimed at estimating debris-bed 
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friction and rates of glacial abrasion, other variables that affect these processes may be more 
important to consider.  For example, estimates of the debris concentration, grain-size 
distribution in ice in contact with the bed, and bed geometry may be inherently more 
uncertain.  Another uncertainty relevant to glacial abrasion involves estimating the depth of 
scouring for a given contact force.  This depth depends on the hardness contrast between 
debris and the bed, which can vary through orders of magnitude, as well as on the tendency 
for rock fragments to rotate in ice (e.g. Iverson, 1991b).   
The ice rheological parameters determined in this study can potentially be used to 
evaluate future results of other experiments conducted with synthetic ice prepared in the 
same way.  Thus, the isolated-sphere configuration of these experiments can be viewed as a 
kind of viscometer, aimed at extracting the fundamental rheological parameters of laboratory 
ice constructed using the methodology of this study.  Future efforts to numerically model the 
ice flow of these experiments would not be possible without these fitted rheological 
parameters.  Unlike previous modeling (Cohen et al., 2005), new modeling will take into 
account cavity formation beneath the sphere and its effect on ice flow and drag.  The fitted 
rheological parameters may also be useful in modeling the results of other experiments.  For 
example, in ring-shear experiments being conducted presently at Iowa State University, an 
annulus of ice at its melting temperature, constructed in essentially the same way as the ice of 
these experiments, is slid across rigid beds of different geometry.  The goal of these 
experiments is to isolate effects of slip velocity, bed type, water pressure, and ice-bed 
separation on basal drag.  Knowing the relevant rheological parameters of the ice will allow a 
numerical model to be applied to the results of these experiments.  
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C. Future experiments 
 Before future experiments are conducted, the water-pressure sensor currently located 
14 mm from the center of the base plate should be relocated to a position where its 
electronics are sealed from water.  These sensors (miniature strain gage load cells) are not 
waterproof and even minimal contact with moisture can cause them to fail.  Preferably, the 
new location would be as close to the center of the base plate as possible.  This second water-
pressure sensor would provide valuable information about the water-pressure distribution 
over the bed and pressure conditions closer to the sphere and its basal cavity. 
As in most experimental studies, there are variables that may be important in the 
natural setting that could not be explored in this study due to limited time and resources.  A 
list of variables not explored in this study is located in Appendix 2.  Unexplored effects of 
these variables are obvious focus points for future experiments aimed at studying particle-bed 
contact forces.  For example, other particle shapes, such as prolate or oblate ellipsoids, could 
be used rather than spheres.  Experiments in which these ellipsoids are orientated with their 
long axis parallel or normal to the bed would explore how particle shape and orientation 
affect the value of the bed-influence factor.  In addition, the size and thermal conductivity of 
inclusions could be varied to explore the effect of regelation.  For these experiments rock or 
metal spheres would be reasonable choices. 
 Ice crystal fabric was not examined in this study.  In the future, thin sections of the 
ice surrounding the sphere could be prepared to measure c-axis orientations and shapes of ice 
crystals.  These measurements could, in principal, be used to help determine the ice-
deformation mechanism (dislocation creep or grain boundary sliding) that was most 
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dominant during the experiments, which in turn affects the values of ice rheological 
parameters.   
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CHAPTER 5. CONCLUSIONS 
 
For the case of a spherical clast with minimal regelation, the bed-influence factor was 
small (1.23 - 1.28).  The likely reason for this small value is the water-pressurized cavity that 
formed beneath the sphere.  This prevented low ice pressures, which are necessary to obtain a 
large bed-influence factor, from developing there.  A cavity formed because the bed, as 
source of heat, melted ice faster from the narrow space beneath the sphere than ice could 
flow into that space.  High water pressures in such cavities are expected subglacially. 
Water pressure measured at the bed surface indicated that pressure in the cavity was 
~40 - 60% of the stress applied to the ice (1000 kPa).  The effect of this cavity-water pressure 
on drag was a significant fraction of the difference in measured drag forces in the isolated-
sphere and contact-force experiments.  However, the cavity alone cannot be fully responsible 
for the measured bed-influence factor, indicating that ice flow was, to at least a small extent, 
perturbed by the bed, as shown by the modeling of Cohen et al. (2005), despite the presence 
of the cavity.  
The rheological parameters of the synthetic ice were n = 1.3 and B = 9.64×1010 Pa-1.3 
s-1.  This value of n is consistent with the observed pattern of thread deflection, expected low 
deviatoric stresses in the ice associated with the small ice velocity toward the bed, and a 
minor amount of regelation.  If the ice rheology is approximated as being linear (n = 1), B = 
5.35×10-12 Pa-1 s-1. 
The small bed-influence factor determined in these experiments implies that theory 
describing the drag on isolated clasts provides a reasonably good estimate of contact forces.  
Therefore, when estimating debris-bed friction and rates of glacial abrasion other 
uncertainties, such as debris concentration in ice in contact with the bed, grain-size 
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distribution, bed geometry, and the hardness contrast between debris and the bed, will likely 
be larger and more important to consider.  These laboratory data provide no support for 
explanations of high debris-bed friction that depend on abnormally high contact forces 
(Iverson et al., 2003; Cohen et al., 2005).  
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APPENDIX 1 
 
 Time series for two of the four successful experiments were not included in the text.  
Pertinent time series for Experiment 1 and Experiment 5 are shown in Figures A1 and A2. 
 
Figure A1:  Time series of data spanning steady-state downward ice velocities and drags 
during Experiment 1, an isolated-sphere experiment.  Temperatures of the circulating fluid 
were not recorded by thermistors during this experiment, unlike in subsequent experiments. 
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Figure A2: Time series of data spanning steady-state downward ice velocities and drags 
during Experiment 5, a contact-force experiment.  Bed-surface temperature is an average 
temperature from the four bed-surface thermistors. The pressure-melting temperature of the 
ice was -0.07 ºC. 
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APPENDIX 2 
 
 Rather than attempting to reproduce the full complexity of the subglacial system, the 
experiments of this study simplified conditions at the bed in order to study contact forces 
without the competing influences of multiple variables that often confound field 
interpretations.  A number of factors, not considered in this study due to limited time and 
resources, could conceivably affect contact forces beneath a glacier: 
• Particle shapes are variable. 
• Particle sizes are variable 
• Effects of regelation may be important for small, rock clasts. 
•  Ice fabrics are non-random at the bed and may effect the rheology of ice 
during its flow past particles.  
• Impurities in ice and its water content influence effective ice viscosity.  
• Ice flow parallel to the bed past particles, impeded by their friction with the 
bed, may influence ice flow normal to the bed. 
• Ice containing fine debris will exert shear tractions on larger particles as this 
ice flows past them. 
• Permeability heterogeneity of subglacial bedrock may affect local water 
pressure in cavities beneath particles and hence contact forces. 
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